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Picosecond light pulses of high intensity have shown to generate broad light spectra by parametric four photon in-
teraction. The threshold for plasma formation was investigated in order to assess the contribution to the frequency 
broadening by free electrons in the breakdown and prebreakdown region. It could be confirmed that our previously 
observed parametric spectra were not effected by prebreakdown processes. 
In a recent paper we reported on the generation of a broad frequency spectrum when a single picosecond light pulse passed through an isotropic medium [1]. Stimulated parametric four-photon processes were shown to be responsible for our observations. On ac-count of the resonant structure of the nonlinear sus-ceptibility intense parametric light is produced in spite of large infrared absorption of the idler light and of phase mismatch in certain frequency regions. It has been suggested that two other nonlinear pro-cesses might produce similar broad spectra at high light intensities: i) self-phase modulation due to the inten-sity dependent index of refraction of the medium n = 
HQ + n 2 ( E 2 ) [2—4] and ii) self-phase modulation due to the rapid change of the refractive index with elec-tron density when optical breakdown occurs [5]. The first nonlinear process is ruled out for the in-tensities and materials used in our investigations. For a peak pulse intensity of / 0 L = * 0 1 2 W/cm2 and & pulse duration of Af L = 6 ps a spectral band width of AV = 150 cm" 1 and 300 cm""1 is estimated for a sample of H 2 0 (length z = 5 cm) and NaCl (z = 4.4 cm), respec-tively . Note that self-focusing of the light beam is not 
Av was estimated according to the relation 
Av =2.Q4VLzn2(E2)KcAtL); 
this equation is valid for gaussian pulses [2, 6] . The values 
« 2 ( H 2 0 ) - 9 X 1 0 " 1 4 cm3/erg and « 2 ( N a C l ) - 2 X 1 ( T 1 3 
cm3/erg are taken from ref. [7] and ref. [8], respectively. 
observed in H 2 0 and NaCl at the light intensities and probe lengths discussed here. The second process, the spectral broadening in re-lation to the optical plasma formation in dielectrics is discussed in this letter. It will be shown below that op-tical breakdown occurs at sufficiently high light inten-sities not to effect our previously discussed four-pho-ton parametric processes [1]. Optical breakdown was observed when the incident pulse intensity exceeded a certain threshold value. In NaCl crystals the occurrence of breakdown was readily detected by a permanent microscopic damage spot. In water, however, no permanent damage is observable after plasma formation. Optical breakdown was estab-lished in water observing the light flash which is asso-ciated with the plasma. In our experiments the light was observed at an angle of 90°* to the direction of the laser beam. Care has to be taken in interpreting these observations since scattering of the parametrically gen-erated light and induced fluorescence give a similar light flash. To distinguish the various processes we focused the input light into the sample with a short lens (f = 5 cm). In this way the effective interaction length z for parametric light generation was drastically reduced. Up to high light intensities, plasma formation could be in-vestigated without disturbing parametric light. In our experiments a mode-locked Nd—glass laser was used [9]. One — in some cases two or ten — pulses were selected from the leading part of the pulse train 
Table 1 
Experimental results of water. 
Mode of operation Intensity 
[W/cm2] 
Parametric 
light 
(forward) 
Light under 90° 
With film With multi-
pier (S20) 
Decay time 
[ns] 
Damage/ 
plasma 
light 
single pulse if = 60 cm) 2 X 1 0 1 0 start no start < 3 no 
5 X 1 0 1 0 saturation no yes < 3 no 
8 X 1 0 1 0 yes no yes < 3 no 
1.2 X 1 0 1 1 yes faint trace yes - 5 no 
if = 40 cm) 8 X 1 0 1 1 yes trace yes ^ 2 0 no 
ten pulses if- 60 cm) 2X 1 0 1 0 start start < 3 no 
5 X 1 0 1 0 saturation yes < 3 no 
8 X 1 0 1 0 yes yes < 3 no 
1.2 X 1 0 1 1 yes yes - 5 no 
single pulse if- 5 cm) 1.5 X 1 0 1 2 start no start < 3 no 
3 X 1 0 1 2 saturation faint trace yes - 20 no 
1.4 X 1 0 1 3 yes spot on trace yes - 40 and - 150 threshold 
two pulses if- 5 cm) 8 X 1 0 1 2 yes spot on trace yes threshold 
ten pulses if- 5 cm) 1.1 X 1 0 1 2 no blue spot yes threshold 
Table 2 
Experimental results of NaCl. 
Mode of operation Intensity 
[W/cm2] 
Parametric 
light 
(forward) 
Light under 90° 
With film With multi-
pier (S20) 
Decay time 
[ns] 
Damage/, 
plasma 
light 
single pulse if- 60 cm) 1 X 1 0 1 0 start no start < 3 no 
4 X 1 0 1 0 saturation no yes < 3 no 
7 X 1 0 1 0 yes faint trace yes - 30 no 
ten pulses if- 60 cm) 1 X 1 0 1 0 start start < 3 no 
4 X 1 0 1 0 saturation yes <3 no 
7X 1 0 1 0 yes yes - 50 no 
single pulse if- 40 cm) 1.5 X 1 0 1 2 yes yes - 200 threshold 
two pulses if- 40 cm) 4 X 1 0 1 1 yes yes - 200 threshold 
ten pulses if- 40 cm) 1.5 X 1 0 1 1 yes yes - 200 threshold 
by an electro-optic shutter. The pulses were amplified to an energy of approximately 10" 2 J each; they had a pulse duration of A ^ L — 6 ps (fwhm) and a spectral width of A# — 3 c m ' 1 (fwhm). The light beam had a divergence of 26 — 7 X 10~4 rad. Light generated in the sample in forward direction by parametric four photon interaction was detected at a wavelength of X 
= 7000 A with a double monochromator and a photo-multiplier. Light emitted perpendicular to the laser beam was investigated by Polaroid pictures and photo-multipliers. The incident laser intensity was monitored with the help of a saturable absorber [10]. The light intensity inside of the specimen was varied with filters and lenses of different focal length. The length of the 
samples was 5 cm and 4.4 cm for water (distilled) and a NaCl crystal, respectively. Our experimental results are summarized in tables 1 and 2. There is substantial similarity between our ob-servations with H 2 0 and NaCl. In the following brief discussion the data of NaCl are given in parenthesis. i) At an input peak intensity of 7 0 L - 2 X 1 0 1 0 W/cm2 (1 X 1 0 1 0 W/cm2) parametric light was de-tected in the forward direction and at an angle of 90° with photomultipliers. The 90°-light is caused by (spon-taneous) scattering of the parametrically generated light. The scattering coefficient [11] of our specimen was measured with an argon laser (X = 4880 A) and found to be R9Q ^ 4 X 10" 5 cm""1 (2.5 X 10" 5 cm" 1 ) . These values agree with the observed 90° -scattering of param-etric light. The cause of the scattered light appears to be impurity scattering. Molecular scattering has pub-lished values of R 9 Q m ^ 2 X 10" 6 cm" 1 (1.8 X 10" 7 cm" 1 ) [11] and the Raman scattering coefficients are even smaller # 9 0 R ^ 2.7 X 10" 8 cm" 1 [12] (6.3 X 10" 8 cm" 1 [11]). The following points give additional support that the 90°-light results from parametric light: the scattered light starts at a definite laser intensity in-dependent whether one or ten pulses are used (for contrast see below) and the time duration of the scat-tered light is very .short, below the resolution of our detection system (^ 5 ns). ii) In the intensity range of 2 X 1 0 1 0 to 8 X 1 0 1 0 W/cm2 (1 X 1 0 1 0 to 5 X 1 0 1 0 W/cm2) the generation of parametric light increases rapidly and finally satu-rates. The duration of the 90°-scattering is less than the resolution time of the system independent of the number of selected pulses. The observed scattered light flash results from parametric light. hi) For laser light focused with a lens of 60 cm or 40 cm focal length, at an intensity exceeding 1 0 n W / c m 2 (6 X 1 0 1 0 W/cm2) the rise time of the 96°-light remained shorter than the resolution of the detection system (^ 2 ns) but the decay time became longer. Now, the spectrum of the parametrically generated light extended to the ultraviolet part of the spectrum (X ^ 2000 A ) . It is felt that photofluorescence occurs from the impurities which absorb short wavelength parametric light. This fluorescence is measured under 90°, it exhibits a decay time of several nanoseconds. The 90°-emission is strong enough that a light trace is readily seen on Polaroid film. iv) In NaCl the decay time of the 90° -light increased 
continuously with intensity for 7 Q L ^ 4 X 1 0 1 0 W/cm 2 . The threshold intensity for damage decreased linearly with the number of pulses selected from the mode-locked pulse train. v) In water the investigations of plasma formation required a lens of/ = 5 cm. With this tight focusing, parametric light was observed at 7 0 L <^  1.5 X 10 1 2 W/ c m 2 . The plasma formation was detected at a consid-erably higher laser intensity of 7 Q L ^ 1.4 X 1 0 1 3 W/ c m 2 and 8 X 1 0 1 2 W/cm2 for one and two pulses, res-pectively. A bright light spot in the focal region super-imposed on a weak light trace was seen under 90° on a Polaroid picture. We take this observation as evidence of optical breakdown. In the case where 10 pulses were incident on the sample, the threshold for break-down decreased below the threshold of parametric light. One blue spot in the focal region indicated clearly the plasma formation. Note that threshold for plasma for-mation decreased linearly with the number of selected pulses. The 90°-light of a single pulse showed two de-cay times when plasma formation occured. The shorter time of approximately 40 ns might be due to the pho-tofluorescence of the parametric light while the longer time of — 150 ns might correspond to the plasma re-combination time. There are three mechanisms which generate free electrons and cause optical breakdown in dielectrics at high light intensities: a) multiphoton ionization, b) av-alanche ionization, and c) inclusion heating. 
a) The electron density produced by multiphoton ionization is estimated to be [13]: 
( 7 r e 2 / \ n °j-J expC). (1) 
co L = 1.78 X 1 0 1 5 s"*1 is the laser frequency, $ is the ionization potential ( H 2 0 : $ - 12.6 eV [14]; NaCl:<£ ~ 8.6 eV [15]). n is the smallest number of photons necessary to exceed the effective ionization energy 
2 7 r e 2 / 0 L 
$ = + — (n - l)7koL < $ ^ nhcoh) 
mcco 
NA is the number of atoms per unit volume ( H 2 0 : ^ 1 0 2 3 c m " 3 ; NaCl: ^ 2.2 X 1 0 2 2 cm" 3 ) . With our experimental values for breakdown of single light pulses we calculate an electron density of 7Vel — 1 0 1 4 cm" 3 for H 2 0 (n = 12) and NaCl (n = 8). This electron den-sity is too small to explain the observed optical break-
down [16]. The linear decrease of the damage thres-hold intensity with the number of selected pulses is also at variance with a picture of multiphoton ioniza-tion. 
b) The electron density produced by avalanche ion-ization is estimated from eq. (2) as long as losses are neglected [16] 
r? is the avalanche ionization rate.7V0 is an initial density of free electrons. Damage and plasma light occur when [16] 
JVd^JV0exp(t/ArL)^ 1 0 1 8 c m - 3 . Avalanche ionization can start with at least one free electron in the focal region. In NaCl at room tempera-ture ionized impurities give NQ values of the order of 10 7 to 10 8 cm" 3 [16]. While the damage threshold of single pulses is in agreement with the data for avalanche ionization [17] the reduced damage threshold for ten pulses can not be explained by this process. (A possi-ble explanation of our experimental data is given be-low). In water there are no free electrons present. In our experiments on water (/= 5 cm) the focal volume is of the order of 10~7 cm 3 and therefore N0 must be of the order of 10 7 c m " 3 . The first free electrons may be generated by multiphoton ionization of impurity par-ticles £nd of water itself. The linear decrease of thres-hold intensity with the number of selected pulses is not understood by avalanche ionization. 
c) The linear decrease of the; damage threshold in-tensity with the number of selected pulses can be ex-plained by inclusion heating. Heating of inclusions up to 10 3 K to 10 4 K causes sample damage and gener-ates light spots [18-20] . The following short estimate shows that temperature values necessary for damage can be reached in our experiments. We consider small dielectric particles of radius a and absorption coeffi-cient j3j that obey the relation a(3l<l. The thermal time constant r H = C H 0 2 / ( 4 K H ) should be larger than 100 ns and therefore a <T 2.5 X 10" 5 cm for water (vol-ume heat capacity C H — 4.2 J/cm3 K, thermal con-ductivity KH ^ 6 X 10" 3 W/cm K) and a ^ 1 X 10" 4 cm for NaCl ( C H * 1.9 J/cm3 K, £ H - 6 X 10" 2 W/ cm K; the subscripts H and I stand for host material and 
inclusion, respectively). Under these conditions the temperature at the center of the inclusion is given by eq. (3) [19]: 
T^3^^tlml{ACl). (3) 
m — 10 describes the number of selected picosecond light pulses. With our measured values for the damage threshold a temperature of — 10 4 K is obtained for (2) reasonable absorption coefficients of /3j — 3 X 10 2 c m - 1 and 3 X 10 3 cm" 1 for H 2 0 and NaCl, respective-ly. Eq. (3) indicates that a certain damage temperature depends on the total energy supplied to the system. The critical laser intensity decreases proportional to the number of pulses as experimentally observed*. In our experiments with single and double pulses inclusion heating and avalanche ionization may act together in the formation of plasmas [23]. The dam-age threshold for ten pulses may be determined mainly by inclusion heating. Now, we wish to discuss the influence of plasma for-mation on the spectral broadening of picosecond light pulses. The spectral broadening is given by 
\ I aRe(An), 
dt 
9 Re(An) 
dt (4) z e f f is the length over which the change of refractive index occurs. In the case of inclusion heating [An = (dn/dT)AT\ we consider the most unfavorable case, where all the laser energy is absorbed. In this case eq. (4) reduces to 
A ' b r - 7 W 
0L 
c (5) With common values of dn/dT(- 5 X 10" 5 K " 1 ) and 
C in condensed matter we calculate A^ b r — 5 cm" 1 at 7Q L = 1 0 1 2 W/cm 2 . This estimate shows clearly that spectral bioadening by inclusion heating can be ne-glected. When free electrons are generated in the dielectrics the change of refractive index is given by 2 e 2 r 
AflD T = —AT, 
L 1 + C O 2 T 2 ' 
(6) 
* It is shown in ref. [21 ] that purification of samples increases 
the damage threshold considerably (less and smaller impuri-
ty particles). In ref. [22] the same damage threshold of 7Q L 
- 5 X 1 0 1 2 W/cm2 ( A f L ^ 3 ps) for water was found inde-
pendent of the fact whether one or ten pulses were selected. 
This results would be expected for very pure substances. 
T is the collision time. Using eq. (2) we obtain dAn^/dt 
= An?Lri(£) and the spectral broadening is given by 
^hl^(mzeSRe(An?L)V. (7) z e f f is the length where the high electron density 7Vel is present. z e f f is determined by the focal region and is smaller than the length of the sample. For water we estimate a spectral broadening of A£>br — 8 cm" 1 at a free electron density of JVel = 1 0 1 8 c m " 3 when we as-sume an effective length of z e f f = 1 cm (too long in the case of focusing with / = 5 cm) and a collision time r = 1.3 X 1 0 " 1 6 st . For NaCl we calculate a spectral broad-ening of AVhl ^ 120 cm" 1 (Nel = 1 0 1 8 c m " 3 , z e f f = 1 cm, nQ = 1.54, r = 3 X 1 0 " 1 5 s [5]). This spectral broadening at the electron density of breakdown is very small compared to the observed parametric spec-tra which extent over approximately 50 000 c m " 1 . At intensity values slightly below the threshold in-tensity the free electron density reduces very rapidly and the spectral broadening becomes very small. Using the experimentally verified curve in ref. [17] we esti-mate a reduction of Avhl by a factor of 10 5 for pico-second light pulses when the laser intensity is reduced by a factor of two below the threshold value. In conclusion we wish to say that up to 1 0 1 2 W/cm2 in NaCl and up to 1 0 1 3 W/cm2 in water no breakdown occurs for pulses of approximately 6 ps duration. Up to these intensity values spectral broadening due to the nonlinear refractive index n2 is small. Spectral broadening due to plasma formation is negligible at intensity values a factor of two below damage thres-hold. The broad-band light emitted in forward direc-tion is generated by parametric four photon interac-tions. The detected visible light under an angle of 90° to the laser beam originates from spontaneous scatter-ing and induced photofluorescence of the parametrical-ly generated light. The author is very indebted to Professor Dr. W. Kaiser and Dr. A . Laubereau for many valuable discus-sions. Thanks are also due to A . Seilmeier for helpful assistance. 
t T is calculated from the relation r = 1 /(N^ov) [24] with 
= 3 x ! 0 2 2 cm" 3 density of water molecules, o = 7r<r2> 
= 1.7 X 10~ 1 5 c m 2 [25] scattering cross-section, and v = 
0.5\72O/wej = 1.1 X 10 8 cm/s free electron velocity. 
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